Apparatus And Methods For Multi-Level Sensing In A Memory Array 

FIELD OF THE INVENTION 

[001] The present invention relates generally to semiconductor memories, and more 
particularly to devices for multi-level sensing of signals received from a memory cell. 

BACKGROUND OF THE INVENTION 

[002] Memory devices, such as random access memory (RAM), read-only memory 
(ROM), non-volatile memory (NVM) and the like, are well known in the art. A memory 
device includes an array of memory cells and peripheral supporting systems for 
managing, programming/ergismg and data retrieval operations. 

[003] These devices provide an indication of the data, which is stored, therein by 
providing an output electrical signal. A device called a sense amplifier (SA) is used for 
detecting the signal and determining the logical content thereof. 

[004] In general, sense amplifiers determine the logical value stored in a cell by 
comparing the output of the cell (voltage or current) with a threshold level (voltage or 
current). If the output is above the threshold, the cell is determined to be erased (with a 
logical value of 1) and if the output is below the threshold, the ceU is determined to be 
programmed (with a logical value of 0). 

[005] The threshold level is typically set as a level between the expected erased and 
programmed levels, which is high enough (or sujB5ciently far from both expected levels) 
so that noise on the output will not cause false results. 

[006] An example of a prior art sense amplifier circuit is shown in Fig. 1. This sense 
amplifier circuit is similar to a sense amplifier described in US Patent 6,469,929 to 
Alexander Kushnarenko and Oleg Dadashev, entitled "Structure and method for high 
speed sensing of memory array". 
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[007] Fig. 1 illustrates a prior art sensing system for a memory array 110, which 
includes a plurality of memory cells arranged in any number of rows and columns. For 
purposes of illustration, assiraie that a memory cell 111 is to be read (i.e. sensed). 
Memory cell 111 has its drain and source terminals coupled to array bit lines BN and 
BN+1 and its control terminal coupled to a word line Wl. Memory cell 1 1 1 is selectively 
coupled to a system bit line BL using a column decoder 104 (for selecting the array bit 
lines) and a row decoder 103 (for selecting the word lines). The system bit line BL may 
include an associated parasitic capacitance CBL that is proportional to the number of 
memory cells coupled to the selected array bit line. 

[008] Similarly for a memory array 112, a memory cell 113 has its drain and source 
terminals coupled to array bit lines BM and BM+1 and its control terminal coupled to a 
word line WL Memory cell 1 13 is selectively coupled to a system bit line BL REF using 
a column decoder 105 (for selecting the array bit lines) and a row decoder 106 (for 
selecting the word lines). The system bit line BL may include an associated parasitic 
capacitance CREF_BL that is proportional to the number of memory cells coupled to the 
selected array bit line. 

[009] To read (i.e. sense) the state of memory ceU 111 in memory array 110, the array 
bit line BN is coupled to the system bit line BL, the array bit line BN+1 is coupled to a 
predetermined voltage (e.g. ground), and the word line Wl is coupled to a read voltage 
(e.g., 3 volts). The operation of decoders 103 and 104 to provide the above-described 
coupling is well known and therefore not described in detail herein. 

[001 0] The previous paragraph and the following description hold true, mutatis mutandis, 
for memory cell 1 13 in memory array 1 12, that is, the circuitry on the right side of Fig. 1 . 
[0011] To ensure that a sense ampUfier 145 correctiy senses the logic state of memory 
cell 111, the system bit line BL may be charged to a predetermined level (e.g., 
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approximately 2 V) before the sensing of memory cell 111. The optimal charging of the 
system bit line BL may facilitate a quick transition to the predetermined voltage without 
overshooting this predetermined voltage. This charging operation may be initiated using a 
charge initiation device P2 and advantageously controlled using a control imit 120 
(control unit 121 for the right side of Fig. 1) that quickly and efficiently charges the 
system bit line BL. 

[0012] Specifically, to initiate a charge operation, an active signal CHARGE turns on 
charge initiation device P2 (P7 for the right side of Fig. 1). Charge initiation device P2 
may comprise a PMOS (p-channel metal oxide semiconductor) transistor, wherein the 
active signal CHARGE is a logic 0. When conducting, charge initiation device P2 
transfers a pull-up signal provided by the sense amplifier 145 (explained in detail below) 
to control unit 120. 

[0013] Control unit 120 may comprise a static clamp including an NMOS (n-chaimel 
metal oxide semiconductor) transistor Nl (N2 for the right side of Fig, 1) and a dynamic 
clamp including a PMOS transistor PI (P8 for the right side of Fig. 1). The transistor Nl 
may have its drain connected to charge initiation device P2 and its source connected to 
system bit line BL. Transistor Nl receives a bias voltage VB on its gate. Bias voltage VB 
is the gate bias voltage for transistor Nl as defined by: 
VTN<VB<VBLD-f-VTN 

wherein VBLD is the desired voltage on bit line BL and VTN is the threshold 
voltage of the n-tjrpe transistor (e.g., 0.6V). In this m anne r^ transistor Nl charges bit line 
BL very quickly to VB-VTN. At this point, transistor Nl transitions to non-conducting, 
i.e. the static clamp deactivates, and the dynamic clamp is activated (as explained below). 
[0014] The dynamic clamp of control unit 120 may include PMOS transistor Plhaving its 
source connected to charge initiation device P2 (also the drain of transistor Nl) and its 
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drain coupled to bit line BL (also the source of transistor Nl). The dynamic clamp further 
comprises a comparator CI (C2 for the right side of Fig. 1), which compares a reference 
voltage BIAS and the bit line voltage BL and then outputs a signal VG representative of 
that comparison. Specifically, comparator CI outputs a low signal VG if VBL is less than 
BIAS and outputs a high signal VG if VBL is greater than BIAS (or if comparator CI is 
disabled). The reference voltage BIAS may be approximately equal to the desired bit line 
voltage VBLD on the system bit line BL. The transistor PI receives the signal VG on its 
control gate. 

[0015] Sense amplifier 145 may include first stages 130 and 131 and second stage 140. 
The first stage 130 includes a pull-up device N4, which is an NMOS transistor having its 
drain and gate connected to a supply voltage VDD and its source connected to charge 
initiation device P2y and a current sensing device P3, which is a PMOS transistor having 
its drain and gate connected to charge initiation device P2 and its source connected to the 
supply voltage VDD. Note that in this configuration, current sensing device P3 
advantageously functions as a diode, which is explained in further detail below. 
[0016] The first stage 131 has an identical configuration to first stage 130. Specifically, 
first stage 131 includes a pull-up device N3, which is an NMOS transistor having its drain 
and gate connected to a supply voltage VDD and its source connected to charge initiation 
device P7, and a current sensing device P6, which is a PMOS transistor having its drain 
and gate connected to charge initiation device P7 and its soince connected to the supply 
voltage VDD. 

[0017] After charge initiation device P2 (P7 for the right side of Fig. 1) is activated, both 
pull-up transistor N4 (N3) and current sensing device P3 (P6) conduct strongly. During 
the charge operation, the system bit line BL initially receives a pull-up voltage of VDD- 
VTN via pull-up transistor N4 (N3). Then, via current sensing device P3 (P6), the voltage 
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on the system bit line BL increases to VDD-VTP, wherein VTP is tlie threshold voltage 
of the PMOS transistor. Note that the voltage VDD-VTP is substantially equal to the 
desired system bit line voltage VBLD. At tliis point, this increased voltage on the. system 
bit line BL turns off pull-up transistor N4 (N3). Because current sensing device P3 (P6) is 
connected as a diode, only current IBL (IBL REF) is detected. Therefore, depending on 
the state of the sensed memory cell, a predetermined current can flow through current 
sensing device P3 (P6). 

[0018] Current sensing devices P3 and P6 in first stages 130 and 131, respectively, have 
current mirrors provided in second stage 140. Specifically, the current IBL through 
current sensing device P3 is reflected in the current II through a PMOS transistor P4, 
whereas the current IBL_REF tlirough current sensing device P6 is reflected in the current 
12 through a PMOS transistor P5. The ratio of the currents through current sensing device 
P3 and PMOS transistor P4 defines the gain of first stage 130, whereas the ratio of the 
current through cxirrent sensing device P6 and PMOS transistor P6 defines the gain of 
first stage 131. A latch circuit 141 (e.g., amplifier block) may amplify and compare 
currents II and 12. 

[0019] The sense ampUfier 145 may not operate properly unless the VDD supply voltage 
is greater than a minirmim voltage VDD_MIN, which is defined as follows: 

VdD.MIN VdIODE_MAX + Vbl_MIN + Vpi/P8 + Vp2/P7 (1) 

[0020] In equation (1), VDIODE_MAX is the maximum voltage drop across PMOS 
transistor P3 or PMOS transistor P6, VBL_MIN is the minimum acceptable bit line 
voltage for the non-volatile memory technology, VP1/P8 is the drain-to-source voltage 
drop of PMOS transistor PI (or PMOS transistor P8), and VP2/P7 equal to the drain-to- 
source voltage drop on PMOS transistor P2 (or PMOS transistor P7). 
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[0021] For example, if VDIODE_MAX is equal to 1.0 Volt, VBL^MCN is equal to 1.8 
Volts, and VP1/P8 and VP2/P7 are equal to 0.05 Volts, then the minimum supply voltage 
VDD_MIN is equal to 2.9 Volts (1.8V + IV + 0.05V + 0.05y). In such a case, memory 
device 100 would not be usable in applications that use a VDD supply voltage lower than 
2.9 Volts. 

[0022] In addition, sense amplifier first stages 130 and 131 are sensitive to noise in the 
VDD supply voltage. If, during a read operation, the VDD supply voltage rises to an 
increased voltage of VDD_OVERSHOOT, then the voltages VSAl and VSA2 on the 
drains of PMOS transistors P3 and P6 rise to a level approximately equal to 
VDD_OVERSHOOT minus a diode voltage drop. If the VDD supply voltage then falls 
to a reduced voltage of VDD_UNDERSHOOT, then transistors P3 and P6 may be turned 
off. At this time, sense amplifier first stages 130 and 131 cannot operate until the cell 
cxmrents IBL and IBL_REF discharge the voltages VSAl and VSA2. If the cell current 
IBL is low, then sense amplifier first stage 130 will remain turned off until the end of the 
read operation, thereby causing the read operation to fail. 

[0023] Accordingly, it is desirable to provide a sensing system that can accommodate low 
supply voltages and tolerate supply voltage fluctuations. 
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SUMMARY OF THE INVENTION 
[0024] The present invention seeks to provide apparatus and methods for multi-level 
sensing in a memory array, as is described more in detail hereinbelow. 
[0025] The present invention enables multi-level sensing at a lower voltage operation. 
The multi-level sensing may not be sensitive to Vdd noise (over/under shoots). 
[0026] There is thus provided in accordance with an embodiment of the invention a 
method for sensing a signal received from an array cell within a memory array, the 
method including the steps of generating an analog voltage Vddr proportional to a current 
of a selected array cell of the memory array, and comparing the analog voltage Vddr Avith 
a reference analog voltage Vcomp to generate an output digital signal. 
[0027] In accordance with an embodiment of the invention the method further includes 
providing a reference unit with a reference cell having a similar structure and a similar 
current path therethrough to that of the array cell, and providing a drain driver for driving 
drain bit lines of the memory array and reference drain bit lines of the reference unit, 
wherein the drain driver generates the analog voltage Vddr. 

[0028] Furdier in accordance with an embodiment of the invention if the analog voltage 
Vddr is greater than the reference analog voltage Vcomp then a low output digital signal 
is output, and if the analog voltage Vddr is not greater than the reference analog voltage 
Vcomp then a high output digital signal is output. 

[0029] In accordance with an embodiment of the invention the method further includes 
discharging the memory array and the reference unit, charging the memory array and the 
reference unit so as to generate an array cell signal and a reference signal, respectively, 
and a timin g signal, generating a read signal when the timing signal reaches a predefined 
voltage level, and generating a sensing signal from the difference of the cell and reference 
signals once the read signal is generated. 
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[0030] There is also provided in accordance with an embodiment of the invention a 
method for sensing a memory cell, the method including the steps of transforming a 
signal from a memory cell to a time delay, and sensing the memory ceU by comparing the 
time delay to a time delay of a reference cell. The time delay may include a digital signal 
delay. At least one of rise and fall times of the time delays may be compared. 
Transforming the signal from the memory cell to the time delay may include generating 
an analog voltage Vddr proportional to a cuiTcnt of the memory cell. The analog voltage 
Vddr may be compared with a reference analog voltage Vcomp to generate an output 
digital signal. 

[0031] There is also provided in accordance with an embodiment of the invention 
apparatus for sensing a signal received from an array cell within a memory array, the 
apparatus including a drain driver adapted to generate an analog voltage Vddr 
proportional to a current of a selected array cell of the memory array, and a comparator 
adapted to compare the analog voltage Vddr with a reference analog voltage Vcomp to 
generate an output digital signal. 

[0032] In accordance with an embodiment of the invention a reference xmit may be 
provided with a reference cell having a similar structure and a similar current path 
therethrough to that of the array cell, wherein the drain driver is adapted to drive drain bit 
lines of the memory array and reference drain bit lines of the reference unit. A data unit 
may receive the output digital signal. 

[0033] Further in accordance with an embodiment of the invention the comparator 
compares the analog voltage Vddr with a reference analog voltage Vcomp and generates 
the output digital signal in the following manner: if the analog voltage Vddr is greater 
than the reference analog voltage Vcomp then a low output digiteil signal is output, and if 
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the analog voltage Vddr is not greater than the reference analog voltage Vcomp then a 
high output digital signal is output. 

[0034] There is also provided in accordance with an embodiment of the invention 
apparatus for sensuig a memory cell including a driver adapted to transform a signal from 
a memory cell to a time delay, and a comparator adapted to compare the time delay to a 
time delay of a reference cell. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0035] The present invention will be understood and appreciated more fully from the 
following detailed description taken in conjunction with the appended drawings in which: 
[0036] Fig. 1 is a simplified illustration of a prior art sensing system for a memory array, 
which includes a plurality of memory cells arranged in any nxunber of rows and colxmms; 
[0037] Fig. 2 is a simplified block diagram of a memory sensiag system, constructed and 
operative in accordance with an embodiment of the present invention; 
[0038] Fig. 3 is a simplified block diagram of a memory cell array, which may be read by 
the memory sensing system, in accordance with an embodiment of the present invention; 
[0039] Fig. 4 is a simplified block diagram of a drain driver of the memory sensing 
system, constructed and operative in accordance with an embodiment of the present 
invention; 

[0040] Fig. 5 is a simplified graphical illustration of waveforms of the drain driver 
signals, in accordance with an embodiment of the present invention; 

[0041] Fig. 6 is a simplified graphical illustration of waveforms of comparator signals of 
the memory sensing system of Fig. 2, in accordance with an embodiment of the present 
invention; 

[0042] Fig. 7 is a simplified block diagram of a data unit of the memory sensing system, 
constracted and operative in accordance with an embodiment of the present invention; 
[0043] Fig. 8 is a simplified graphical illustration of the distribution of the threshold 
voltages of reference memory cells of the memory sensing system, in accordance witii an 
embodiment of the present invention; 
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[0044] Fig. 9 is a simplified graphical illustration of waveforms of the drain driver 
signals, in accordance with another embodiment of the present invention, different from 
that of Fig. 5; 

[0045] Fig. 10 is a simplified block diagram of a memory sensing system, in accordance 
with another embodiment of the present invention; 

[0046] Fig. 1 1 is a simplified block diagram of the drain driver for the embodiment of 
Fig. 10, constructed and operative in accordance with an embodiment of the present 
invention; and 

[0047] Fig. 12 is a simplified graphical illustration of the waveforms of the drain driver 
signals, for the embodiment of Fig. 10. 
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DETAILED DESCRIPTION OF THE PRESENT INVENTION 
[0048] Reference is now made to Fig. .2, which ilhistrates a memory sensing system, 
constructed and operative in accordance with an embodiment of the present invention. 
Reference is also made to Fig. 3, which ilhistrates a memory cell array 10, which may be 
read by the memory sensing system, in accordance with an embodiment of the present 
invention. 

[0049] Memory cells of array 10 are arranged in row and columns, and each memory cell 
is accessed during read, program, or erase operations by applying appropriate voltages 
associated word and bit lines. For example, as indicated in Fig. 3, the gate terminal of 
memory cell MCji is preferably connected to an associated word line (WL) WLi, and the 
drain and source terminals are preferably connected to associated bit lines (BLs) BLj and 
BLj+1. 

[0050] Memory cells of array 10 may be addressed using a word line control circuit, i.e., 
row decoder 12, and a bit line control circuit, i.e., column decoder 14, according to input 
addresses signals Xaddr<h:0> and Yaddr<p:0>5 respectively. Row decoder 12 provides an 
appropriated word line voltage to WL. Column decoder 14 connects selected drain bit 
lines (DBL) and source bit lines (SBL) of a memory cell to DBL and SBL inputs 
correspondingly. 

[0051] As seen in Figs. 2 and 3, a plurEiUty of memory cells connected to the same 
selected word line may be accessed simultaneously. For example, k+1 memory cells may 
be accessed simultaneously. Accordingly, column decoder 14 may have k+1 DBL and 
SBL nodes: DBL<k:0>, SBL<k:0>. As seen in Fig. 3, in accordance with one 
embodiment of the sensing method, the nodes SBL<k:0> may be connected to groimd 
(GND) during the read operation. The source voltage of the selected memory cells may be 
close to GND. 
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[0052] As seen in Fig. 2, the memory sensing system may comprise one or more 
reference units 16 with one or more reference memory cells (RMCs) having a structure 
8Uid cmTent path therethi*ough similar to that of the array cells. The reference unit may 
emulate the elements found in the current path from node DBL through- MC to be read to 
node SBL. This may provide RC (resistance-capacitance) matching of the two paths. 
[0053] Drain drivers 18 may be provided for driving the drain bit lines of array 10 and the 
reference drain bit lines of reference units 16. Reference is now made to Fig. 4, which 
illustrates an example of a suitable dram driver 18, in accordance with an embodiment of 
the present invention. Drain driver 18 may comprise a PMOS (p-channel metal oxide 
semiconductor) pull-up transistor MO, wherein its gate terminal receives a logical signal 
input (chargeb), its source terminal receives a voltage input Vps and its drain terminal is 
comiected to a node 20. An NMOS (n-channel metal oxide semiconductor) clamp 
transistor Ml may provided whose drain terminal is connected to the drain terminal of 
PMOS pull-up transistor MO via node 20, whose gate terminal receives an input Vblr and 
whose source terminal is coimected to the DBL input of the column decoder 14. An 
integrated capacitor Cint may be connected to a node 21, which is connected to a node 20 
and a node ddr. 

[0054] Drain driver 18 may execute two functions during a read operation: 

a. provision of the required drain voltage of a memory cell diiring the read 
operation, and 

b. generation of a signal at node ddr (voltage Vddr) proportional to the current of a 
selected memory cell, 

[0055] In order to provide the required drain voltage, the voltage Vps enters the drain of 
the NMOS clamp transistor Ml through the open PMOS pull-up transistor MO. The 
NMOS transistor Ml, controlled by voltage Vblr at its gate, clamps its drain voltage Vps 
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and ti-ansmits a reduced voltage Vd=Vblr-VgsMl to the DBL input of the column decoder 
14. The reduced voltage is transferred from the column decoder 14 to the drain terminal 
of the memory cell of the array 10. 

[0056] The generation of the signal at node ddr is now explained with reference to Fig. 5, 
which illustrates waveforms of the drain driver signals, in accordance with an 
embodiment of the present invention. Before time Tl, a logical signal chargeb is high and 
therefore PMOS pull-up transistor MO is tiUTied off (not conducting). At time Tl, the 
signal chargeb goes down to OV and tums on PMOS pull-up transistor MO (i.e., it is now 
conducting). During the period of time right after time Tl and up to time T2, the signal 
ddr rises to Vps, and the drain bit line of the selected memory cell (both DBL nodes) 
becomes charged to voltage Vd. Current begins to flow through the memory cell. After 
the charging process to Vd is completed, the current of the path asymptotically stabilizes 
at the memory cell (MC) read current level, IMC. 

[0057] Afterwards, at time T2, the signal chargeb returns to its high level Vps, thereby 
turning off PMOS transistor MO again. Up until time T2, a signal boost may be optionally 
coupled to groimd. Immediately after time T2, the signal boost may rise from OV to 
Vboost. In response to the signal boost, the voltage of node ddr rises from its previous 
level Vps to voltage Vps + Vbst, where 



wherein Cz is the total capacity of the node ddr; 
[0058] Since the capacity Cint is significantiy greater than other (parasitic) capacitors of 
the node ddr, CSwCint and Vbsb«Vboost 

[0059] After time T2, the voltage Vddr decreases according to the equation 



Vbst = Vboost*CE/Ci, 



(2) 



Vddra(t) = Vps + Vboost - Ia*t/Cint, a=0 



(3) 



wherein la is the current through node DBLa, which equals I^c- 
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[0060] As seen from equation (3), current IMCij is integrated on capacitor Cint. The 
voltage Vddr varies linearly with respect to the selected MC current IMCji and varies 
inversely with respect to tlie capacitance of capacitor Cint. 

[0061] As long as Vddr is greater than Vd by some margin (e.g., on the order of about 
0.2-0. 3 V) the NMOS transistor Ml works in saturation. The capacitance of the node ddr 
may be independent from the drain bit line capacitance, which may be a few orders of 
magnitude greater than Cint. The voltage of the nodes DBL and BL may remain at Vd 
during the time that Vddr(t) is developing, and therefore the drain-source voltage of the 
selected memory cell MCji remains constant as well. 

[0062] As mentioned previously, the drain drivers 18 for driving the drain bit lines of 
array 10 (i.e., drain drivers <0:k> in Fig. 2) are preferably identical to the drain drivers for 
the reference units 16 (i.e., drain drivers <refD:refrn> in Fig. 2). Therefore, the signals 
rddr<m:0> are developed similarly to ddr(t): 

Vrddrp(t) = Vps + Vboost - Ip*t/Cint, P=0,m (4) 
wherein 

Ip is the read current of a-th reference memory cell. 
[0063] As seen in Fig. 2, the memory sensing system may comprise one or more 
comparators 22 for array 10 (i.e., comparators <0:k>) and for reference units 16 (i.e., 
comparators <refQ:refin>). Comparator 22 compares the analog voltage Vddr with a 
reference analog voltage Vcomp and generates an output digital signal cmp according to 
the follow rule shown in Table 1 : 

Table 1 







Vddr > Vcomp 


low 


Vddr < Vcomp 


high 
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[0064] A voltage of the signal Vcomp is disposed in an interval [Vd, Vps + Vbst]. Hence, 
in the time interval Tl to_T2, all signals cmp<0:k> are low Gogical level "0"). The signal 
cmp may be inverted to a high logical level at time: 

Tcsa = T2 + (Vps + Vboost - Vcomp)* Cmt/Ia, a=0,k (5) 
[0065] A similar equation determines a time when output signals of the comparators 
<reK) refipi> may be inverted: 

Trcsp = T2 + (Vps + Vboost - Vcomp)*Cint/Ip, |i=0,m (6) 
[0066] As can be seen from equations (6) and (7), the values Tcsa and Trcsp are an 
inverse function of the memory cell current, 

[0067] Fig. 6 illustrates waveforms of the comparator signals, in accordance with an 
embodiment of the present invention and the above explanation. 

[0068] Referring again to Fig. 2, each comparator signal of the comparators 22 may be 
transmitted to the input of a data unit 24 together with the output signals lat<m:0> of the 
reference comparators. The data unit 24 may compare the rising time of the comparator 
signal Trise(cmp) with the risuig time Trise(lat^), (^=0,...,m) of the output signals 
lat<m:0> of the reference comparators. Examples of output signals of the data imit 24 are 
shown in Table 2: 



Table 2 









0-5-m 


0-5-(m-l) 


0-(m-2) 


(K(m-3) 


0-(ni-4) 


O^m-5) 




0H-(m-7) 




000 


001 


010 


Oil 


100 


101 


110 


111 



[0069] Reference is now made to Fig. 7, which illustrates one example of data xmit 24, 
constructed and operative in accordance with an embodiment of the present invention. 
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The signal cmp is provided to the D-input of m digital latches 26. Each digited latch 26 
may receive one of the lat signals of the reference comparators at its Eb-input. The digital 
latches 26 may function according to the follow rule shown in Table 3: 

Tables 





KlUlljiii 


0 


D 


1 


Hold 



[0070] When the Eb signal is a low level (logical "0"), the digital latch 26 transmits input 
signal D to output Q. When the Eb signal goes to a high level (logical "1"), the digital 
latch 26 transmits whatever the previous value was to output Q. 

[0071] The reference units 16 (numbered 0 to m) shown in Fig. 2 may comprise reference 
memory cells (RefO to Refin). Reference is now made to Fig. 8, which illustrates a 
distribution of the threshold voltages (VtrefO to Vtrefin) of the reference memory cells, in 
accordance with an embodiment of the present invention. The threshold voltages may be 
distributed in m+1 zones in intervals along the Vt axis. For example, the threshold voltage 
Vto of some cell, which corresponds with the channel number a of the sensing (dbl<a>- 
ddr<a>-cmp<(x>), may be in zone x. This means that the threshold voltage Vto is greater 
than the threshold voltages in the previous zones (that is, VtrefO to Vtref(i:-1)), and less 
than the threshold voltages in the next zones (that is, Vtrefx to Vtrefin). Accordingly, the 
current lo of that cell is greater than the current in the next zones (Irefxto Irefin), and less 
than the current in the previous zones (IrefO to Iref(x-1)). Hence, the signal cmp<a> 
corresponding to that cell rises earUer than signals lat<x>-^lat<m>, and later than signals 
lat<0>^lat<x-l>. Accordingly, internal signals Q<m:0> of the data imit number a are 
given by the following equation: 

Q<(t-1):0>=0, Q<m:x>=L 
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[0072] A data decoder may convert signals Q<m:0> to a final data bus dt<y:0> according 

to the rule (in decimal form): 

dtdecimai = Q<0>+Q<l>+Q<2>+. . .+Q<m-1>+Q<m>. 
[0073] A binary form of the data may be obtained by a conventional formula for decimal 

to binary conversion: 

dtdecimai= dq<0>*2^0 + dq<l>*2'^l 4- dq<2>*2^2 + dq<3>*2^3 -I- ... + dq<y>*2^y, 
or in table form in Table 4: 



Table 4 



Q 


0 


1 


11 


111 


1111 


11111 


mill 


1111111 


dtdecimai 


0 


1 


2 


3 


4 


5 


6 


7 


dtbinaiy 


0 


1 


10 


11 


100 


101 


110 


111 



[0074] The relation between the reference chaimel number (m) and the bit number of the 
signal dt (y) may be expressed as follows: 

m = 2^y-l, 

or in table form in Table 5 : 

Table 5 



m 


1 


3 


7 


15 


31 


y 


1 


2 


3 


4 


5 



[0075] An operation voltage Vps of the memory sensing system may equal: 

VpS^min = VMlds + Vcd + VMCds + Vcd, (7) 

where 

VMlds is the drain/source voltage of the transistor Ml in the drain driver; 
Vcd is the column decoder voltage drop; and 
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VmccJs is the drain/source voltage of the memory cell. 
[0076] As mentioned previously in the background of the invention, the mmiTTiiim supply 
voltage VDD_MIN of the prior art is equal to 2,9 V, and the prior art memory device 100 
cannot be used in applications that use a VDD supply voltage lower than 2.9 V. However, 
in the present invention, the rninimum supply voltage Vps_min is less than the prior art 
VDD_MIN (see equation (1) above in the background of the invention) by 
VDIODE_MAX, and approaches the minimal voltage VBL_MIN. VDIODE_MAX may 
be approximately equal to one volt, for example. This means that the present invention 
may be used in applications that use a VDD supply voltage lower than 2.9 V, down to 1.9 
V, an improvement of over 34%. 

[0077] Thus, the present invention may transform a signal (e.g., current) from the 
memory cell to a time delay (e.g., a digital signal delay) and compare the time delay to a 
time delay of a reference cell (e.g., the rise or fall times of the signals). The drain driver 
operates at a low (close to minimal) voltage to generate the analog signal Vddr. The 
signal Vddr is preferably linearly dependent upon the memory cell current. The memory 
cell current is preferably integrated on the local capacitor. 

[0078] The present invention may be used as a multi-level sensing system for a 
multiplicity of reference units. In addition, the invention may also be used for a single 
reference unit. 

[0079] It is noted that in the prior art, signals from the memory cells are coupled in a one- 
to-one correspondence to the sense amplifiers. There is the same niunber of signals as 
there are sense amplifiers. However, the reference memory cells are coupled in parallel to 
all of the sense amplifiers. This results in a significant mismatch between two sense 
amplifier input signals, because one of them (from the array) is connected to a single 
sense amplifier whereas the other (from the reference) is connected to all of the sense 
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amplifiers. The mismatch may lead to errors in read data. In contrast, in the present 
invention, all the analog signals from the array cells and the reference cells are matched, 
as described hereinabove. 

[0080] Reference is now made to Fig. 9, which illustrates waveforms of the drain driver 
signals, in accordance with another embodiment of the present invention, different from 
that of Fig. 5. In this embodiment, node Vps is connected to the system voltage supply 
Vdd until a time Tps, when power dissipation is maximal for charging the read path 
parasitic capacitors. At time Tps, the cun-ent through node Vps is significantly lower 
(e.g., practical equal to IMC), and node Vps is switched to a higher voltage supply than 
Vdd. This embodiment may be useful to incresise the possible range of boosting Vddr. 
[0081] Reference is now made to Fig. 10, which illustrates a memory sensing system, in 
accordance with another embodiment of the present invention, and to Fig. 11, which 
illustrates the drain driver for the embodiment of Fig. 10. In this embodiment, the nodes 
SBL<k:0> may be connected to the comparator inputs instead of the ddr<k:0> signals, as 
shown in Fig. 10. The drain driver circuit is a simplified version of the drain driver circuit 
of Fig. 4. Fig. 12 illustrates the waveforms of the drain driver signals, in accordance with 
this embodiment of the invention. The development of the signals SBL<k:0> may be as 
described in US Patent 6,128,226 to Eitan and Dadashev, assigned to the common 
assignee of the present appUcation. 

[0082] It will be appreciated by persons skilled in the art that the present invention is not 
limited by what has been particularly shown and described hereinabove. Rather the scope 
of the present invention includes both combinations and subcombinations of the features 
described hereinabove as well as modifications and variations thereof which would occur 
to a person of skill in the art upon reading the foregoing description and which are not in 
the prior art. 
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